Abstract. In Parkinson's disease (PD), microglial activation-mediated neuroinflammation is associated with dopaminergic neurons degeneration in the substantia nigra pars compacta. Previous studies that have investigated this neurodegenerative disease have reported that the Sonic hedgehog (SHH) signaling pathway, through inhibiting the inflammatory processes, exerts a beneficial neuroprotective effect. However, the mechanisms underlying the anti-inflammatory and neuroprotective effects of this signaling pathway remain poorly understood. The present study aimed to further investigate these mechanisms in vitro and in vivo. At first, BV2 microglial cells treated with lipopolysaccharide (LPS) were used to induce an inflammatory response. It was observed that the activation of SHH signaling by Purmorphamine attenuated the LPS-induced inflammatory response, increased the expression of transforming growth factor-β1 through the phosphatidylinositol 3-kinase (PI3K)/AKT serine/threonine kinase (Akt) intracellular signaling pathway and inhibited nuclear receptor subfamily 4 group A member 2, independently of the PI3K/Akt signaling pathway. Furthermore, the blockade of the PI3K/Akt signaling pathway by intranasal administration of LY294002, significantly reduced the SHH-associated neuroprotective effects on dopaminergic neurons, improved motor functions, and increased the microglial activation and inflammatory response in a mouse model of PD induced using 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. In conclusion, the data of the present study reported that anti-inflammatory and neuroprotective effects can be obtained in BV2 microglial cells and in a mouse model of PD by successive activation of the SHH and PI3K/Akt signaling pathways.
Introduction
Parkinson's disease (PD) is the second most common neurodegenerative disease characterized by a selective loss of DA neurons in the substantia nigra pars compacta (SNpc) (1) . Such a loss produces the depletion of striatal dopamine (DA) which leads to movement disorders such as resting tremor, rigidity, bradykinesia and postural instability (2) . Despite the various researches conducted in this field, the precise etiology of PD still remains unclear. Some evidences indicate that the neuroinflammation mediated by microglial activation may play an important role in PD pathogenesis and notably in the degeneration of the SNpc dopaminergic neurons (3, 4) . Once activated, microglia includes classically activated M1 phenotype (pro-inflammatory function) and also, alternatively, activated M2 phenotype (anti-inflammatory function) (5, 6) . Microglial activation is believed to lead to neuroinflammation by production of pro-inflammatory cytokines such as interleukin-1 (IL-1), IL-6, tumour necrosis factor-α (TNF-α), nitric oxide (NO) and prostaglandin E2 (PGE2) (7) , which contribute to dopaminergic neuronal death in PD.
The Sonic hedgehog (SHH) diffusible protein, a member of the hedgehog family, become active in binding the Hedgehog, HH, signaling pathway). Subsequently, the Smo receptor promotes the transcription factor 'Glioma-associated oncogene' (Gli) which translocate to the nucleus and regulates the transcription and expression of target genes (8, 9) . SHH signaling pathway is also activated in brain injuries, neurodegenerative diseases and neurogenesis processes taking place in adult (10) (11) (12) (13) . SHH signaling can also protect dopaminergic cells from MPP (+) toxicity in vitro and improve nigrostriatal pathway by restoring tyrosine hydroxylase (TH) positivity in vivo (14) . In this frame, a recent report suggests that SHH-N overexpression can improve the motor function in PD model, restore the nigrostriatal pathway and reduce the loss of DA neurons in vivo (15) . Finally, various other reports indicate that PI3K/Akt pathway, related with inflammation, is impaired in PD animal models (16, 17) . In this sense, Fasudil, a vasodilatator and a potent Rho-kinase inhibitor, is suggested for protecting dopaminergic neurons through the inflammatory inhibition running through the activation of PI3K/Akt signaling pathway (18) . Further evidences also suggest that SHH pathway may protects cortical neurons and astrocytes from oxidative stress by activating the PI3K/Akt pathway (19, 20) . To date, despite the various approaches mentionned above, the precise mechanisms involving a neuroprotective effects of the SHH signaling pathway still remain unclear.
In the present study, by way of in vitro (LPS-treated BV2 microglial cells) and in vivo (MPTP-induced mouse model of Parkinson disease) approaches, we demonstrate that the SHH signaling through the PI3K/AKt pathway is capable to: Attenuate the inflammatory response, inhibit the microglial activation, protect dopaminergic neurons and reduce behavioral impairments.
Materials and methods

Materials.
The following reagents were used in the present study: Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS), from Gibco (Grand Island, NY, USA); TH antibody, p-AKt antibody and AKt antibody, from Abcam (Cambridge, UK); Ionized calcium binding adaptor molecule 1 (Iba1) antibody, from Wako (Osaka, Japan); β-actin antibody, HRP-conjugated goat polyclonal anti-rabbit IgG antibody, Purmorphamine and Cyclopamine, from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA); LPS and MPTP, from Sigma-Aldrich (St. Louis, MO, USA); LY294002, from Cell Signaling Technology, Inc. (Danvers, MA, USA).
Cell culture. The murine BV2 microglial cell line was grown in DMEM supplemented with 10% FBS (Gibco), 100 U/ml penicillin, and 100 mg/ml (Sigma, St. Louis, MO, USA). In a humidified 5% CO 2 incubator maintained at 37˚C, streptomycin and the culture medium were renewed every day. Cells were plated at 5x10 5 concentration and grown for 24 h prior to the experiments.
In vitro treatments. Dishes of cultured BV2 cells were randomly divided into six groups: Including: i) Control group, ii) LPS group, iii) PM+LPS group, iv) Cyclopamine+PM+LPS group, v) LY294002+PM+LPS group and vi) LY294002+LPS group. For LPS group: LPS (1 µg/ml) was employed during 24 h to obtain an inflammatory response with BV2 cells. For PM+LPS group: Purmorphamine (PM, 1.5 µmol/l) was used to activate the SHH pathway in BV2 cells 24 h before LPS treatment; For Cyclopamine+PM+LPS group: BV2 cells were pretreated with a specific SHH signal inhibitor (Cyclopamine) to further explore the role of PI3K/Akt pathway on the effects of SHH pathway; in this respect, Cyclopamine (20 µmol/l) was administered to block the SHH pathway (1 h before PM treatment); then, PM was used to treat BV2 cells for 24 h; then after, a LPS treatment was applied. For LY294002+PM+LPS group: A selective inhibitor of PI3K/AKt, LY294002 (20 µmol/l) was used during 30 min in order to block PI3K/Akt pathway before PM treatment; then PM was used to treat BV2 cells for 24 h; this pharmacological situation was completed with a LPS treatment. For LY294002+LPS group: LY294002 was used to treat BV2 cells without PM treatment; then after, a LPS treatment was applied.
In vivo treatment. All animal studies were approved by the Institutional Animal Care and Use Committee at Guangzhou Medical University. Male C57BL/6 mice (8-10 weeks, 22-25 g) were housed under a 12-h light/dark cycle with free access to food and water. All animals were randomly divided into five group, including: i) Control (n=10); ii) MPTP (n=10); iii) PM+MPTP (n=11, PM+MPTP); iv) LY294002+PM+MPTP (n=11, LY+PM+MPTP); and v) LY294002+MPTP (n=11, LY+MP). For the MPTP group, mice received four intraperitoneally (i.p.) injections of MPTP (20 mg/kg) in a 2 h interval (21); For the PM+MPTP group, mice received i.p. injection of PM (1 mg/kg) 24 h before the first MPTP injection; For the LY+PM+MPTP group, 30 µl of LY294002 (5 mg/ml) were administered intranasally 1 h before PM treatment; then after, PM was administered i.p. and, 24 h later, MPTP was given. For the LY294002+MPTP group, LY294002 was administered intranasally and MPTP was injected four times.
Behavioral tests. Traction behavior (TR) test was described previously (22) . The stainless steel bar (diameter: 1.5 mm, 25 cm long) was fixed 30 cm over ground. Each animal was hanged by its forelimbs and left on the bar. The time lapse before the fall down was checked for each animal. For the score of TR, the following standards were employed: 0-4 sec= 0; 5-9 sec=1; 10-14 sec=2; 15-19 sec=3; 20-24 sec=4; 25-29=5; over 30=6. Each animal was submitted three times to the test with an interval of 1 min between each trial. The general mean of the trials was taken.
Quantitative PCR (qPCR).
For qPCR analysis, total RNA was isolated from BV2 cells and from the brain substantia nigra by TRIzol reagent (Takara Bio, Inc., Otsu, Japan). Total RNA (1 µg) was reverse transcribed into cDNA using PrimerScript™ RT reagent kit (Takara Bio, Inc.). The mRNA expression levels were measured to use SYBR ® Premix Ex Tag™ and primers. The sequences for qPCR promers were as follows: IL-1β forward, 5'-TGC CAC CTT TTG ACA GTG ATG-3'; reverse, 5'-GGA AG for each GTC CAC GGG AAA GA C-3'; TNF-α forward, 5'-ATG GCC TCC CTC TCA TCA GT-3'; reverse, 5'-ATA GCA AAT CGG CTG AC GGT-3'; Nurr1 forward, 5'-AAG ACC TTC TCC CAA GCA CG-3'; reverse, 5'-GAA CTG GAC ACT TCA ACC AGC-3'; TGF-β1 forward, 5'-GGT CCT TGC CCT CTA CA ACC-3'; reverse, 5'-CCA CGT AGT AGA CGA TGG GC-3'; β-actin forward, 5'-GTT ACA GGA AGT CCC TCA CCC-3'; reverse, 5'-CAG AAG CAA TGC TGT CAC CTT-3'. Cycling condition included one cycle at 95˚C for 5 sec, 30 cycles at 95˚C for 30 sec and 60˚C for 1 min, followed by one cycle 95˚C for 15 sec, 60˚C for 1 min and 95˚C for 15 sec. β-actin was used as an internal control and the transcript levels are expressed as 2 -∆∆Cq values.
Western blotting. BV2 cells and substantia nigra were lysed in ice cold lysis buffer (1X PBS, 1% Nonidet P-40, 05% sodium deoxycholate and 0.1% SDS; RIPA) containing phosphatase inhibitor protease inhibitor. Lysates (50 µg protein) from each sample were resolved on SDS 10% polyacrylamide gel (10% PAGE) and electrotransferred to PVDF membrane. The membrane was incubated in 5% non-fat dry milk to block non-specific antibody binding site and then incubated overnight at 4˚C with rabbit anti-p-AKt (1:1,000), rabbit anti-AKt (1:1,000), rabbit anti-TH (1:200), rabbit anti-Iba1 (1 µg/ml), rabbit anti-β-actin (1:1,000). After washing in TBST (0.01 M TBS and 0.1% Tween-20), membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (goat anti-rabbit immunoglobulin G [IgG], 1:1,000) for 2 h. This step was followed by a washing in TBST and protein visualized. In this respect, chemiluminescence (ECL) reagents were employed.
Immunohistochemistry. Mice were anesthetized and perfused transcardially with phosphate-buffered saline (PBS) followed by a 4% fresh paraformaldehyde (PFA) solution (pH 7.4). Brains were removed and kept in 4% PFA overnigth at 4˚C. Then after, they were inserted in a 30% sucrose solution for 48 h at 4˚C. Afterwards, brains were cutted (slices of 30 m depth) with a freezing microtome (Leica, Germany) and incubated during 30 min in 3% H 2 O 2 solution. Then, slices were rinsed three times and during 5 min in PBST (0.01 M PBS and 0.3% Triton-X 100) and incubated with a 5% normal goat serum at room temperature for 1 h. Brain section were then incubated with polyclonal rabbit anti-TH (1:750; cat. no. ab112; Abcam), Ibal (0.5 µg/ml; Wako) overnight at 4˚C. The next day, the sections were washed with PBST three times for 5 min and incubated with corresponding secondary antibodies at room temperature for 2 h. They were washed again in PBS and subsequently incubated with streptavidin-peroxidase for 30 min. After a new wash in PBS (3x5 min.), they were incubated with a DAB chromogenic substrate (Fuzhou Maixin Biotech Co., Ltd. (Fuzhou, China) for 5 min and then after washed again in distilled water. Afterwards, brain sections were mounted on gelatin-coated slides, air-dried, dehydrated, and covered with a glass plate. Brain sections were examined using a light-field microscope. Finally, TH + cells were identified with the Image-Pro Plus software and visually counted.
Statistical analysis. The Statistical Package for the Social Sciences (SPSS version 13.0) was used for the statistical analyses. All data were expressed as mean ± standard deviation (SD) for three independent experiments, at least. The analysis of variance (ANOVA) was performed for all tests, followed by post hoc Fisher's LSD multiple comparison test. P<0.05 was considered to indicate a statistically significant difference.
Results
SHH signaling pathway activates the PI3K/Akt signaling pathway.
Data obtained indicate that LPS-induced inflammatory response in BV2 microglial cells produces a significant reduction in p-AKt protein content when compared with the saline group of animals. This effect, however, does not reach significance vs. total AKt proteins. Activation of SHH pathway by PM enhances the expression of p-AKt protein, which can be reversed by the SHH pathway inhibitor cyclopamine. No change are observed in total AKt proteins after PM and cyclopamine treatments (Fig. 1A, D and G) . Western blot analysis shows that treatment of BV2 cells with LY294002 suppresses the SHH signaling mediated by the AKt activation and accelerates the LPS mediated AKt signalling suppression (Fig. 1B,  E and H) .
We also checked whether the SHH pathway regulated the expression of p-AKt protein in the area of SNpc in mice model of PD. As shown in SHH signaling pathway inhibits microglial activation through the PI3K/Akt signaling pathway. As shown in Fig. 2A , a large number of Iba1-positive microglial cells characterized by amoeboid shape with larger cell bodies and shorter processes are observed in MPTP group compared with saline group. In Mice treated with PM and MPTP, small microglial cell with reduced cell bodies, ramifications and thin processes are also observed. By contrast, numerous activated microglial cells are accompanied by enlarged cell bodies and thicker processes in LY+PM+MPTP group. Morphology of Iba1-positive microglial cells in LY+PM+MPTP group are similar to MPTP and LY+MPTP groups.
Western blot reveals that LY294002 blocked the effect of PM treatment on microglial cells: The Iba1 protein is significantly increased in the MPTP group. This effect, however, is also observed when the PM group is inhibited by LY294002. LY294002 increases the expression of Iba1 protein compared with MPTP group alone ( Fig. 2B and C) . These results indicate that SHH-PI3K/Akt relayed signaling inhibit activation of the microglia.
SHH signaling mediated anti-inflammatory effects through the PI3K/Akt signaling pathway.
To check this aspect, SNpc tissue homogenate from our five group of animals were performed. As shown in Fig. 3A and B PM pretreatment decreases the expression of IL-1β and TNF-α mRNA. This aspect is reversed by LY294002. Moreover, the inhibition of the PI3K/Akt pathway with LY294002 in LPS treated group increases the expression of IL-1β and TNF-α mRNA compared with LPS treated group.
We also investigated the role of PI3K/Akt signaling in vitro. As expected, the results obtained indicate that SHH pathway mediates the expression of pro-inflammatory factors IL-1β, TNF-α mRNA through the PI3K/Akt signaling ( Fig. 3C and D) . Moreover, the inhibition of the PI3K/Akt signaling with LY294002 reverses the increased Figure 1 . Purmorphamine (PM) and LY294002 respectively activates and inhibits Sonic hedgehog (SHH) signaling by way of PI3K/AKt pathway either in vitro or in vivo. (A) BV2 cells successive treatments were as it follows: At first, Cyclopamine (20 µmol/l) was given; 1 h later PM (1.5 µmol) was added; after a 24 h time lapse LPS (1 µg/ml) was applied; 24 h after this last treatment AKt phosphorylation was checked by Western blot and β-actin was used as an internal control. (B) BV2 cells successive treatment were as it follows: At first, LY294002 (20 µmol/l); 0.5 h later a BV2 plot received PM (1.5 µmol) while a second plot did not received this substance; LPS (1 µg/ml) was finally added to both plots for a 24 h time lapse. After LPS treatment AKt phosphorylation was assessed by Western blot. (C) C57/BL6 mouse received the following successive treatments: At first, LY294002 (5 mg/ml, 30 µl) in nasal cavity, or saline 0.9% i.p., were given; 1 h later, PM (1 mg/kg) was administered; finally, 24 h later, four injections of MPTP (20 mg/kg, i.p.) were achieved within a practical time lapse of 2 h. Mice were then sacrificed and the entire SNpc collected to achieve AKt phosphorylation by Western blot. expression of the anti-inflammatory factor TGF-β1, induced by PM (Fig. 3E) . Finally, it appears that SHH signaling inhibits Nurr1 independently of the PI3K/AKt pathway (Fig. 3F) .
SHH signaling mediated neuroprotection through the PI3K/Akt signaling pathway. TH immunohistochemistry reveals a significant cell reduction in MPTP group compared with the saline one. Treatment with PM protects dopaminergic neurons of the SNpc and enhances their rate of survival. However, pretreatment with LY294002 abolishes the neuroprotection exerted by PM in the model of PD and also decreases the number of TH-positive neurons compared with MPTP group (Fig. 4A and B) . Results established with the western blotting are similar to those obtained with immunohistochemistry. They show that MPTP causes a significant decrease in the level of TH protein. PM treatment accelerates the restoration TH protein level, but the increase in TH protein level in the PM group of animals is inhibited by the administration of LY294002. This last substance when administered alone, reduces also the expression of TH protein when compared with the MPTP group of animals ( Fig. 4C and D) .
SHH signaling pathway induced behavioral change through the PI3K/Akt signaling pathway in MPTP-treated mice.
With TR test, mice treated with MPTP spend significantly less time on the steel compared with those treated with saline (Fig. 5) . This result indicates an impairment of motor balance and coordination. However, PM treatment rescued the MPTP-induced motor deficit, as reflected by the marked increase in the time spent on the steel. This effect can be abrogated by LY294002. Finally, TR test score was not statistically different between MPTP and LY+MPTP groups. These data support clearly that SHH-mediated motor function improvements are dependent on PI3K/Akt signaling pathway. 
Discussion
In the present study, we further investigated the part played by the SHH signaling in vitro, in using BV2 microglial cells treated with LPS and, in vivo, in using the MPTP to induced the animal model of PD. We found that SHH signaling exerts anti-inflammatory and neuroprotective effects either in vitro or in vivo, at least partly, through PI3K/Akt signaling pathway. We also evidenced that SHH signaling pathway may activate the PI3K/Akt signaling and restore the level of P-AKt which is repressed in neuroinflammatory conditions and in animal models of PD.
Data of literature, in keeping with our results, now point out that neuroinflammation, triggered by microglial activation, may play a central role in the progression of the dopaminergic neurons degeneration in PD pathogenesis (23, 24) . These data also report that the microglial activation occurs in the early stage of PD pathogenesis and precedes the degeneration of dopaminergic neurons (25) . In addition to these aspects, it is further stated that mesencephalic dopaminergic neurons express SHH which is necessary to maintain their structure and function. Different other studies indicate that the loss of SHH signaling conduces to the dopaminergic neuron degeneration and that the administration of exogenous SHH protein increases the survival rate of these neurons in MPTP or 6-OHDA treated animals (26) . Our results are thus in good agreement with previous approaches showing that the microglial activation is linked with the progressive degeneration of the DA neurons in PD pathogenesis (27) . Microglial activation may, indeed, exacerbate dopaminergic degeneration in releasing a large number of pro-inflammatory cytokines such as IL-1β, IL-6, TNF-α, and NO (28) .
Beside above considerations, our results also point out that SHH signaling negatively regulated the activation of microglia through PI3K/Akt pathway. A study of literature indicating that SHH signaling can alleviate inflammatory response (29) is in agreement with our results. Moreover, our results also indicate that the SHH signaling is capable to downregulate the expression of pro-inflammatory factors like IL-1β or TNF-α and to upregulate the expression of anti-inflammatory factors like TGF-β1. Again, they are in keeping with literature data since TGF-β1 is known as an anti-inflammatory factor capable to regulate, in animal models of PD, the microglial activation and reduce the neuro-inflammation through PI3K/Akt pathway (30) . It is to be noticed, however, that SHH signaling is also capable to inhibit the expression of Nurr1 independently of the PI3K/AKt pathway.
Finally, our data indicating that the activation of the SHH signaling is essential to prevent, via the PI3K/AKt signaling pathway, the MPTP-induced loss of dopaminergic neurons and the motor deficit are in keeping with those of literature (15, 31) . They further specify the nature of the processes involved.
Apart from the data discussed above, in the full statement of our results it remains to be further understood: How the LY294002 inhibitor of the PI3K/Akt signaling pathway may downregulate the expression of TGF-β1 induced by PM; how this inhibitor can upregulate the expression of TGF-β1 induced by LPS in vitro. Additive experiments still remain necessary to clarify these aspects. Moreover, Nurr1, an orphan nuclear receptor, reported as critical for the development and maintenance of dopaminergic neurons (32) , also capable to attenuate the expression of proinflammatory molecules released by microglial (33), appears, according to our results, inhibited by the SHH signaling and independent of the PI3K/AKt signaling pathway. Again, further experiments are still necessary to clarify these last aspects. They are part of our prospects.
In conclusion, our study demonstrates that SHH-PI3K/Akt coupled signalings are capable to protect DA neurons, inhibit microglia activation and improve motor performances. While additive experiments remains, obviously, necessary to clarify the results reported, our research appears promising for a better understanding of the neurodegenerative pathologies. 
